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Page 10, line 10: Cp = 0.236 should read 0^ = 0.236. 



Page 17, formula (3): Td should "be 



■d' 



Page 23, denominator of formula (5): should be 

Page 24, formula third line from "bottom should read: 



¥ 



E 0 



■Y + X fcpd + k) --e V] + t 



(1 + k) 



Page 25, formula ninth line from "bottom should read: 

R = 



Page 26, formula (4): E should he E. 

Page 43, formula ninth line frem top should read; 



Page 45, formula (l): w should he uu . 
Page 47, formula (4) should read: 



r = r , 



T, 



Page 49, formula near hottom of page: Eemove n 
square root sign-. 



from 



On pages 22 and 23, the formulas containing a were 
intended to use the letter a, judging by the second part 
of the article. The confusion is apparent in the first two 
formulas on page 47. 
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ANALYT ICAL-. ¥hI}PR't , OP- CAM-EINI /pROPULS ION- SYSTEM* 
- • ■ •• -.By S-.. Cainj).!,!!;}. • • 

•: SUMMARY- ■ r " ^ 

P-ollowiag; the; iiesoriptioji.- of the- pew;, pr.opuls ion 
system and- the-;;. d.e:f''in.it i on of the propulsive ef -f ic-iency, 
this ef f ic ien-py -ia calculated und.ej*., -T.ar i ous condit ions of 
. flight, with aLipva-nce for all intiarnal lo.s,s?s.. 

„ The- eff iciency and c onsumpt i.on- curves are;, pi ot ted , 
their practical values discussed and the "behavior of the 
system analyzed at various altitudes and speeds. The 
superiority of this oyer the conventional" en,gjnerpropeller 
system, starting from 400 kilometers per hour (248 mph) , 
■with respect to range and weight per horsepower . output is 
: affirmed* • ........ , 

.... ■ T fphe.;. immediate possibilities of ^the.^new system in- flight 
at high and very high altitudes in relation to the theoret- 
ical and experimental results obtained are discussed in 
detail.. 

The present report is a continuation of the study made 
..in 1929 of which the first two parts were published in 1930 
(reference 1), while the remaining • part s dealing with the 
action of jet • propuls i on in fluid medium have never been 
^ released.' - 

Since that time the t he ore tica}. studies have been 
combined with systematic experimental research' for the 
purpose of checking the practical value of i't s fundamental 
laws and for the experimental determination of the factors 

■which would enable us to pass safely from the theoretical 

■to the practical stage. . ••. ■ : •■• -• .• 

- " tPhese -experiments, made -ln"-eoliaboratton *ith the:'' 
Caproni --Airplane Company of i Milan, . hav.6 :e dnf irmed all of 
af ore>-ment.io-ned • laws , and .'afforded a. marked impr oyement in 
the pract ical value of ' the various factors rdefinlng this 



"Sulla Teoria Analitica del Mot o-pr opul s or e Campini." 
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type of propulsion. (An elaborate report on these factors 
is to be published In due ' course*-) 

The present report dealis exclusively with the partiC'- 
ular jet-pr'opuls ion system, mehtio'ned in 'the cited reports* 
The discussion is limited* for the present,- to the ana- 
lytical study of the efficiency and the consumption for 
the case of application to aircraft and to the plotting 
of the practical operating curves secured theoretically 
by the use of suitable experihaental factors* 

The purpose of this study is to enable aeronautical 
technicians; interested in ptobleiafe related to high-speed 
flight at low and high altitudes i to isalculate ditectly 
and rapidly the results that can' be obtained ih practice 
with this. system of propul$ion when applied to any appa- 
ratus in accordance with the characteristics required, 
whll6' using convent ioiial heat engines and coinpresscrs , 



1. CHAEACTBHISTICS OF THE PROPULSION SYSTEM 



The d.e8cription of the system can be limited to the 
operational part and specifically to the extent necessary 
to secufe an accurate solution of its efficiency (refer- 
ence 2) . .■ ■ 

The propulsion system creates a thrust reaction in the 
following manner (reference 3).* 

The fluid medium enters under the effect of a simple 
relative motion^ that is,, "without deflection or shock, and,, 
as .soon as it enters the intake duct, it is subjected first 
to a dynamic compression by reason of the quasi-integral 
transformation of the kinetic energy of inflow into pres^- 
sure, then to a further mechanical compression by means of 
the compressor driven from a heat engine.; Subsequently 
this twice compressed fluid is heated at .constant pressure 
by thermic means so that the speed in the expansion of the 
discharge is augmented to the amount necessary to produce 
the desired propulsive energy,. 

♦The procedure was. devel oped . an^i explained.- by Hen ^ Lor in as 
early, as 1913, The calculation of the ef-ficiency was 
made by S« Steckln in- 1924 (see re'fer-ences 3 -and 19 
for greater details) ^ while Oampini. dese-ryes much credit 
for dev^eloping these ideaj?^. 
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In practice- t^e .t^her'mlc. -means, in-volve. primarily the 
ut 11 i zat ion- -of ; the; •heat.--'d.i s-sApat^ed 'b^^ ther.- eaginp, ag^^^ second- 
arily- the ftventtial direct: eo-mbust'l on .of atomized and-, vapor- 
ized -fuel.- 

The operational deflnltlbh of: the system is shown in 
figure 1. The air entrained by relatlTe emotion enters 
duct 1 where its kinetic energy derived from the relative 
speed of inflow, Is changed to pre'ssure'. 'Pollowing this 
preliminary compression accompanied "by a marked decrease 
in speed the' air passes through compressor 2 where its 
pressure is again considerably increased. It then receives 
the heat dissipated by the engine 3, which drives the com- 
pressor and subsequently receives the eventual calories 
produced by the burners 4. Lastly it is expanded is. nozzle 
5,. where the thermodynamic energy accumulated in the various 
phases of compression and heating changes to speed- of dis- 
charge. 



2. CALCULATION OF THEUST AND RESISTANCE 



If the propulsive system as described and Illustrated 
in figure 1, were isolated, that is, had none other than, 
a propulsive function, the thrust produced by it would be 
equal and opposite to the momentum Impressed by it on the 
ambient fluid, as is known from the momentum theory (refer-" 
ences 1 and 3). In this case, by defining two control 
sections 1 and 2, the first upstream, the second downstream 
from the propulsive system where the fluid filaments become 
parallel again and in which the" relative pressures are zero, 
the foregoing theorem would give: 

■ '- ■ * 

S^i =. p / VI (vg - vi ) d Ai (1) 

•Joa 

where p = density, Vg - v,^ the Increment of the speed. 
Incurred by a general fl ow filament ,whi ch .se|>arate,s the 
area dA on section 1 while passing from section 1 to 
section 2» But since the' 'prop-dlsive unit cannot bie iso- 
lated because it also has the function of fuselage and- 
beqause .cif the .jpr.ac obtaining in .a^eronaut i cal science 

of never considering the resistance of fef ed by "this eh 
and its cowling as a ne'gative portion of the thrust pro'- 
duced by the propulsiori unit;- it is preferrable in this 
case also to distinguish between an external drag, of the 
unit and a thrust produced by the same. 
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The external drag, except in special cases, can thus 
"be includ;ed with the various resistances enc ount e.re.d on 
aircraft, -and- hence h-e- Included . in the- aerodynamic charac- 
teristics of the model; it can be ascertained direct in 
wind-tunnel tests, the difficulties regarding inlet and 
discharge nozzles ."being solved, experimentally, or else 
calculated.. 

The e,ffectuated distinction calls for a precise 
definition of thrust and resistance. Let us assume as 
externial resistance . Re of the system* that is by defini- 
tion, the, integral of the impulses, undergone by the fluid 
not passing through the unit, between control sectiorjs 1 and 
2. Assume further as thrust S the sam^e integral referred 
to the fluid passing through the unit. 'By definition, 
calling UJ the area isolated from control surface 1 by 
the fluid that passes through the unit, the momentum equa- 
tion reads: 

S = p (vg - Vj) d Ai (2) 

Re = P / vi (vi - Vg) d Ai (3) 

■Jco- UJ 

The effective thrust S-u of the isolated propulsion 
unit therefore follows as the difference between thrust 
and external resistance of the system. 

. From the definition of the extern&l resistance it 
is then deduced that, in the absence of viscosity,' the 
application of d'Alembert's theorem to the indefinite 
solid constituted by. the propulsion unit and the fluid 
,}et that enters and discharges from the unit, immediately 
affords : 

Re = P r ^1 (^1 - ^s) d Ai = 0 
•J 

However, Re is positive in viscous fluid and its exact 
value must be secured experimentally ' for each case. 

It- is interesting to compare the external resistance 
and -the res istance '. of the moving bodyl obtained from the 
propulsion unit by closing the inlet and outlet ports by 
means of aerodynamical ly correct surfaces which transf-orm 
the propulsion \init into a streamline body. 



Sxperiments of this nature have been made on solids 
of revolutions in the Caproni wind tunnel and repeated in 
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the Rome tunnel, with ldent:}.e<il, result.^,,,. Similar, exper- 
iments-have. ■ be ep. C:X) n^Ti.p t=eii b^^^^ (T!BjCftr,eiipeB_ 5, and 
6) on jBt-propulsion sys terns. /wi,t]x >^ amall di scharge, areas 
_as compared .to. .di.ame/tral' section,/ . ./^^^^ 

Theoretically, it is found that for ratios between 
diameter of intake orifice "and diameter of maximum outside 
section in excess of 1/3 to l/S a considerable decrease 
.in external r..esistance. becomes manifest on opening of the 
porta, while for ratios, below l/.lO the effect of the 
ports is riegligble (references 5 and 6). 

This is obvious,, moreover, since the body drag must 
depend largely on the difference between the .diameters of 
the maximum outside section and that of the intake. 

These exper iment s , and thei? interpretation will be 
discussed later on. For the present it is simply stated 
that in practice for ratios of around one-half the body 
drag is so low that it can be included in the friction 
drag with a correction factor equal to 1.05 to 1.10. 

The external drag can thus be computed by means 
of the formula known in . aerodynamics for the solution of 
the turbulent friction of a flat plate: 

Re = Ct q Oe (1.05 to 1.10) (4) 

where q is the dynamic pressure ( mm ) , cr^ the out- 
side area and ct the friction drag, in relation to the 
Reynolds aumber relevant to the speed of the test per 
length of propulsive unit, a facto.r whiqh can be expressed 
.■by the K^rm^n relation.* 



= 0.072 h:' = ^ ■ (6) 

As for the thrust, it can be. obtained at once from 
(1), when the speeds in control sections 1 and 2 are con- 
stant; an as sumpt i on , whilch in prdct-ide Is co'mpletaly 
verified for the inflow" velocity : and" almost completely 
for the discharge velocity. • ■• ^ - - 



* verified in the ca^e in- point. at Ry = 10 
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With - ^ ' denet'ing. the arfea Isolated ty e control, 
section 1 from $he-*fluid Jet which enters the propulsloi 
unit and p the. deMslty and ▼ and- V the forward 
speed and the relative spefed of discharge* respectively, 
we get: 

S s u) p V (V - v.) . (6) 

• Allowing for the fact that in such propulsion unit' 
the mass flowing Out is greater' than that flowing in* 
"because of the fuel being united with the fluid, and call- 
ing a the quantity "by weight inducted by the unit and € 
the quantity of fuel mixed per kilogram Of indicated air, 
we have, "by putting Q = tu p ^ v 

S = -3. (a V - -v) with a = 1 + e (7) 
g 

This formula, which has been frequently verified' 
experimentally and which with a » 1 gives the thrust 
of an equivalent propeller, permits the direct calculation 
of the thrust, once quantity f^, the actual mean rate of 
discharge and the coefficient of increase of ' mass a ' are 
known. 



3. EFFICIENCY OF THE PROPULSION SYSTEM 

The propulsive efficiency, is defined as the ratio of 
■- work done by the thrust S an.d 'the mechanical equivalent 
of heat energy absorbed per unit time. 

With C denoting the calories consumed per kilogram 
of ambient fluid the propulsive efficiency follows at 

S V _ V (g "V - v) 

. ~ q .G . E ~ C E g 

But, bearing in mind that the jump im speed Y - v between 
control sections , 1 and 3 'reiquires for each kilogram of fuel 
the production of kinetic energy 
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^-t foll-tfws immediately., -putting for formal simplicity: 



•1 = E 

V 



n 2 1| 



a. R 



(6) 



tkat the propulsive effioieiicy of the system can be ex- 
pressed in the form 



y = m r-tf ...., 
E C 



(9) 



This- ■ f ormul a obviously holds good for "any type of 
propulsion system including the engine-propeller system. 

Factor m, very appropriately termed the propulsive 
efficiency by some writers, is Independent of the type 
of propulsion system, but depends entirely upon the ratio 
of the relative speed upstream and downs t ream • from the " 
system. Factor W/E C, on the other band* characterizes 
the propulsion unit and may be termed the internal effi- 
ciency of the system itself. 

In the case of propeller propulsion, with ft called 
the propeller efficiency, the efficiency evidently becomes 

y = ti e 

where e represents the efficiency factor of the engine, 
that is, the ratio of energy input at the ptop.eller shaft 
to the mechanical . equivalent of the c onsumed- hea.t; energy. 
The term t) is then given, of course, by the product of 
propulsive efficiency m and the blower efficiency of thp 
propeller (reference 7, p. 445 sec. 64) f 

Since a = 1 in this instance, w.e have: 



m =■ 



2 V 
V + V 



R + 1 



The engine efficiency is replaced in modern engineer- 
ing by the specific gasoline , or fuel oil consumption. This 
could also be done, in the case in. question by an artifice, 
because of the, interferenc e " ' 



in quest i on by 
. . - , - , - _ between propulsive 
thermal efficiency it is more logical to refer to a 



but 



and 
c on- 
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sumption per horsepower per hour .of the -propulsive power 
rather than to the power produced as kinetic energy W. 
Hence,, the propulsive efficiency of any propulsion system 
in which the engine .gives a... fuel and oil . co nsumpt i on of 
TT grams per horsepower per hour of propulsive power out- 
put and in which the mean heat value of fuel and oil is 
denoted hy reads.:, , , . 

y = 3600 X 75 . - 3600 y 75 
TT P E , y P B 

To illustrate: 

For P = 11,000 (gasoline) we ge,t - it = 57.50/y in 
gr/hp/hp X. . . . 

A modern propulsion unit in which- the engine ■ c onsumes 
230 grams, of gasoline and 10 grams of oil and the mean—. 
propelLer . efficiency is 0.8, would have a consumption of 
320 ..grairs per horsepower and a propulsive effici.ancy of 0,19. 

On the "basis- of. the foregoing a comparison can then 
be estahlished forthwith "between different propulsion, systems. 

Thje calcula.tion of the efficiency of the propulsive 
system then reduces to that of the propulsi.v.e efficiency 
m and of the internal efficiency W/B C' and hence of the 
discharge velocity 7 which defines the consumption C 
for the velocity v under consideration. 

The calculation can "be inade rather, easily in this 
"instance , hy. following the flow in its thermal evolutions 
.and, with some care even some relatively small analytical 
exp.ressions .can be assumed. 

Therefore let us examine separately, and in order, 
the various evolutions experienced by the fluid in relation 
to the characteristi'cs of the compressor and of the engine 
with due regard to all the losses produced within the 
system. 



4. DYNAMIC COMPRESSlOil 

If Tq is the absolute temperature of the ambient ■ 
air' and v spedd of - iadvance of ' the propulslbn system, 
the compressibfi eff'eciuated in the intake tube, in the 
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case of -eomplete. stoppage and in absence of shock and 
' f-pi-ct ion-los-s.e-s , -fl-bllow's.. f rbm: thelajer o-j^^^^ 
relation which gives J;he dyj&iamie ' pr"essure 'of a flow under 
adiahatic compression; 



But instead of conputing the dynamic pressure for 
obtaining somewhat general results comparatively suitable 
for a comprehensive treatment, it is more, cpjivenient to 
-f oll-oV the variations in absolute temperature (references 
3 and 12). 

This eliminates the factor with the fractional com- 
ponent which otherwise complicates the determinations. 

For this purpose a brief consideration of the aero- 
dynamics involved may be timely: it is well known (refer- 
ence 9) that in compression or expansion witEiout exchange 
of heat with the outside, but with eventual development 
of heat due to shock and friction, the conservation of 
energy is expressed by the fundamental hydrodynamical 
eq.uat ion. 

d w = = - £_E - d R (1) 

g p g 

where is the work done per k.ilogram of. fluid against 

P g 

the pressure and d E the energy against the forces of 
friction and shock, energy which is transformed into heatt 
This equation, which is fundamental for the study in question 
can be changed, of coursei by making use of the first prin- 
ciple in its form of d (i = Cv <i T + Ap d V and integrating 
with cp- constant, in the fundamental equation 



. (2) 



vi _ - X R To ' 
2g " X - 1 



A W 

EC-D 



=r - A T 



which permits direct deduction of the finite increments 
or decrements A T of the temperature c orre spoiidi ng to 
any finite variation A W of the kinetic energy for trans- 
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formation, whether adiatatic or with increase in entropy, 
or adiatbatic or isentroplc. The -effect of friction maiii- 
fests itself evidently in requiring, by equal vairi at ions 
in kenetic energy, a different value of d p/p g and 
hence a variation of the pressure different from that 
necessary with an adiahatic change. 

Following this brief discussion we can proceed at once 
with the calculation of the increment A T due to the dy- 
namic compression. 

Bearing in mind that E = 427 and Cp = 0,23*5 for 

air and temperature within -50<^ to 600° and denoting the 
residuary velocity after the change with 7r the foregoing 
equation affords; 



2 g Ec-i 



with 2=1 



(3) 



If Tq. is .the ambient temperature it follows that 
the temperature after the transformation, whether acoom' 
panied by. friction or. not, ..is in every case: 



T^ = To + A = To + 



1980 



and if the change takes place without friction, that is, 
adiabatically , it would afford a compression ratio attain- 
able from the known relation 




If, in this latter case, a new adiabatic expansion 
is produced it again would yield the initial kinetic energy. 
However, because of the friction, the pressure reached is 
less than P'^* so with Sp denoting the efficiency of 
the pressure of the transformation duct this effective 
pressure p follows the relation 



Pi ~ Po = Gp (p» - Po) 



(4t) 



NACA Technical MemoTandum No.. 1010 



11 



where the term - Pq can te .secured experimentally 

by 'means- of --a- pre s sure .gaga . hence, with p j Po known 

the' efficiency 9p of the pressure can/be deduced. 

The ther«odynamic potential energy actually accumu- 
lated is that which can he obtained by complete adiabatdc 
expansion, starting from the effective pressure p^ and 
terminating with the outside pressure p'o» The ' ef Jpect ive 
temperature jump A Tu ^nd the final temperature are 
easily obtained;' with . Tq denoting the terminal temperature 
of expansion the effective jump A. Tu is according to 
equation (4); 



X-1 



It follows that the thermodynamic efficiency of the 
change of kinetic energy into pressure taking place In 
the intake duct is: 




(5) 



For extremely low compression the development in 
series, with the powers greater than of the first order 
discounted, affords: 

e ■= Pli- epT^ ^' = - 

Pj ^ U p = pj - Po 

Por high compres si on -i t is necessary to employ the 
foregoing formula reproduced in the graph of figure 3. 
It is readily seen that the thermodynamic efficiency is 
always superior to that of pressure 6p and tends to 
unity whatever the value of 6p (the only condition 
being: Op / 0) . 

This accords with formula (5) in which 6 always 
p . 
equals. 1 for "pT^ = 0 and which has its reason in the fact 

that for extremely high operating speeds the shock and 
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friction energy is not lost at all 'but 'becdmes heat which 
in a large measure is utilizahle in the subsequent re- 
expansion.- . The effective ratio of dynamic pressure with 
friction results in the conclusion given hyi 

|j-= »»h T'o = T^: - A Tu = - a A Td . .{6) 

in function. of the thermodynamic efficiency 0; Moreover, 
the kinetic energy which could i>e produced with a new adia- 
hatic expansion, without loss, follows from (2) and (l)-.at 

2gE Cp = 6 A "^d.* 2 g Cp E " * ^ 2 gE Cp"^ 2 g'E Cp 



5. MSCHA.NICAL COMPHESSION 



This compression acts on the air at the absolute pres- 
sure and temperature given in the preceding paragraph; the 
air, moreover, still has the residuary kinetic energy for 

- 

each kg -~ — , 
2 g 

Suppose the compression raises the absolute pressure 
to value P while the residuary velocity Vj. at the com- 
pressor outlet remains unaltered. In the absence of fric- 
tion losses this compression would raise the absolute tem- 
perature in the ratio: 



T« 



(-)~ 



(1) 



resulting in an increment of temperature of 

- 1 



(2) 



whence, after compression, the theoretical temperature 
irould be : 



T«2 = + A Tn 



(3) 
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Accordingly the effective ratio of compression 
Ps/Pi is dependent upon the , tjbeoretical- increment. 
A Tm conformably to equation (4) section 5. ~' 



Pa 
P 



1 ^ Ti. ^ 



(3t) 



But, since the pressure efficiency of the compressor 
is less than unity, it follows that. in. order to obtain 
pressure pg it is necessary to prevent a theoretical 
pressure p'g linked with the real p^ through; 



Pa - Pi = Yp (p»a - Pj ) 



(4) 



where Yp is the pressure effiisiency of the compressor. 

But in correspondence with this theoretical pressure 
p'g a rise in the effective temperature. 



me 



= Ti 



r , . X-1 
P'2^ 



X - 1 



- A Tm 
Y 



(5) 



where V = adiabatic efficiency of compressor, is necess- 
ary according to the foregoing. 

Hence in order to obtain the effective pressure p'g 
required per kilogram of air, a compression energy equal 
to . 



^ Wm = gp S A Tme'' Cp E 



(6) 



is necessary. 



The foregoing adiabatic efficiency is then associated 
with the pressure efficiency Yp through 
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which' tot-, low pressures as encountered in; practice , ■ is , 
after, dfevel opffienti in series, 



1 - 0.355 d p/p.^ 
1 - 0.355 d p/Pi 



dp - Ps Pi 



The exact tralue of Y plotted against 7p in the 
graph, figure 3, illustrates equation (7), If an engine 
of H Pjj, horsepower is available it follows that in ordfer 

to obtain the increment of pressure Pg desired for a 

quantity of air Q kg/sec the relation: 



me 



75 H Fm _ 0.744 ^ ^ro 
E Cp <1' - Q 



(8) 



must be satisfied. 

With .the term of the me'chanical compression phase, 
and with the assumption that the air leaves the compressor 

at the same speed vr as at inflow, the compressed air 
finally assumes the effective temperature TqI 



(9) 



6. MINIMUM INTERNAL SPEED OP THE COMPRESSOS 
MAXIMUM CdMPElSSION 



The residuary speed Vp can be computed in soine 
cases while in others it cannot be achieved a priori. 
It must be put in ratio with the maximum section available 
in the interior before heating and with the total com- 
pression attained in this section CI. If the residuary 
speed in this maximum section is reduced to Vj^ it follows 
that on exit from the compressor ani effective increment 
of temperature 



2 g E Ctj 



(X) 



NACi Technical Memorandum No. 1010. 



15 



is produced at the maximum section, as well as an effec-- 
'ttv* dynamic pressure' Pj/pg wh-lch, vrith 6. as thermody- 
namic efficiency, affords, as in the first phase: 



(2) 



+ (1 - 6 ) A T, 



and 

£3 ^ Zi £f 

Po Po Pi Ps 
as ratio of compression in the maximum section Q. 

This ratio can be expressed in simple fashion by 
combining the final increment A Hj. with the initial in- 
crement A or by making the assumption that the initial 
dynamic compression of the outside speed v continues 
toward the speed existing in the maximum section 
behind the compressor and in consequence neutralizes the 
ultimate compression p^j - pg. This assumption, which 
in practice produces no appreciable changes in temperature 
nor in pressure, simplifies the analytical formulas and 
permits sufficiently exact conclusions. In the following, 
therefore, the speed v^, (cf. equation 3, section 5) is 
replaced by the speed r^^ relating to the maximum section 
f2 and the ratio Z, by introducing the pressures and tem- 
peratures, so that: 

^ z = 1 - ^ - 1 - ^-S££-l?y ! . W 

I ! 



This formula affords the value of Z necessary to . 
compute the dynamic compression. The compression phase 
Pa/Ps then included in the dynamic compression, whence 

the new residuary speed follows at 
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. 7. HEATING AND COMBUSTION 

With Cm denoting the calories absorbed by the 
engine per kilogram of compressed air, and e the efficiency 
factor of the engine, the heat changed to energy Wm at the 
compressor shaft is only e Cm while the remainder 



Cj. - Cm - e Cjj 

represents the heat not utilized and which in consequence 
is dissipated by the engine through the radiator, the 
engine itself and the exhaust gases. On the other hand the 
effective calories e Cjj produce, according to equation (4), 
for each kilogram of fluid the mechanical energy tf^ (in 
calories) amounting to 

W 

• A Tw 

T = « Cm = Cp ^ 

In addition the residuary calories Crt when utilized 
for heating at constant pressure the same kilogram of air 
with specific heat... 0.^, produce a temperature r.i.se in 
accordance, with 

Am Cr _ (1 ~ e) Cm 

Hence the total heat produced by the compressor assembly 
(the actual heating includes friction losses) in the 
assumption for disregarding the increment x of the mass 
produced by the fuel amounts to: 



A T 



A ,T 



1 - e A T 



A T 



m 



me 



e y 



(1) 



which, for the rest is evident and readily obtainable. 

By means of the action of- the compressor unit the c om^ 
pressed air attains thus the temperature T^ • given by 
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At this point a more'. of" 'le'.ss "powerfxil com'bust Ion 
takes- place, as stated in the heginntng, whicht fo.r each 
kilogram of air again raises the temperature of the term 
^ Tq ahsorh'ed in consequence of heat Cq with " K denoting 
the ratio Cc/'Cm of -the heat" alisorbed. by- the combustion 
to that ahsorhed by the engine, the specific heat Gp of 
the gas can bie once more maintained constant! 'the result- 
ing increment L To equal to" Z changes t-hat produced .by 
the isolated' compressor, unit, that is: 



T = K ^ ■ K « £5. 



(1) 



P 



The foregoing assumption regarding the value of c 
is verified in practice (reference 8, p., 55, reference 
9, p, 197) since in the case in question the combustion 
of air is limited to a very small fraction of air and so 
reaches low terminal temperature, where neither the fac- 
tors of dissociation of the mixture of CO and CO nor 
the variations in temperature intervene to appreciably 
modify the values of Cp. The terminal temperature ' 

from which the last phase of expansion is Initiated is 
defined by: 

T4I = Ti + A Tj,e + A Tc = + A (2) 



and at that in the absence of heat losses in respect to 
the outside of the propulsion unit. In fact, this situ- 
ation closely resembles actual 0 ondit i ons , whether due to 
the low temperatures in play or because of an opportune 
heat insulation which is easily established on the outside 
surface of .the unit. Still» in any attempt to prevent 
a loss it should be kept proportional to the difference 
T4 To s° <58.n be expressed by a factor which 

multiplies L and A Tin such a way that the temper-r 

ature T4 before discharge reads 

T4 = To+cpATd + cp A Tm (3) 

with CP ranging between' 0.98 and ~1 , - acco rding to the 
type of insulation employed but independent of the tem- 
perature jump T4 ~ To- 
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8. . INTESNAL PRB5.SUHS LOSS DUE- TO FRICTION AND HBATIlir& 

At the .point where the compressed gas is heated ^o 
Initial temperature T4 , its expansion obvioxisly still • 
exists up to the already computed pressure p^ since 
given, the low speed reached by the gas inside the pro- 
pulsion system, the loss of pressure due to wall friction 
is Insignificant. To. illustrate: in case that the total 
compression Pg/Po is eq.ual to 2.20 the specific volume 
of the fluid is approximately half of that of the ambient 
fluid. If, on these premises, the maximum inside diameter 
of the unit were equal to 1.8 times the diameter of the 
circle o) of the inlet, the inside area, in this instance, 
would be by about 3.20 greater than area O) and the in- 
ternal velocity Vm would then be about 6-."4 times lower 
than the foward. speed. Tor an operating speed of say 
250 miles per second, for example, it would afford an in- 
ternal velocity of 39 miles per second, the load loss of 
which would be of the order (of magnitude)' of some centi* 
meter of w.ater column and hence of an order of magnitude 
of 1/1000 of the total pressure Pg - Po - 1200 centimeters. 

Howe ver ,, with v^ denoting the speed of discharge of 

the compressor, the pressure loss in the short length of 

duct leading to the discharge, may be expressed by the 
equation: 



where ■ % is the .loss coefficient. 

But more important are the load losses deriving from 
combustion and heating. These losses can be computed as 
follows: 

If Tg is the temperature before heating and T4 
that after heating, it is readily seen that with maximum 
area Q remaining available the speed increases up to 
a value Vq given by: 



T4 Pa - A Pa Ta 
On the other hand, application of the momentum equa- 



NACA Technical Memorandtim Noi 1010 



19 



tion to the fluid compressed in the cylindrical path bounded 
by- sections equal to where the speed Vg and Vjj and the 

density pg and pgj exist, affords: 

n A Pe =n Vffl Pb (vc - ■^m) ^ = |l (3) 

Pc 



Then the above rariations in velocity define the follow 
ing pressure variations: 

^ Pc = P. - Pm ^m' = Pm ^m® -^^Ti^ (4,) 



To compute the loss in effective energy caused by the 
reduction in pressure A Pg , it is convenient to refer to 
the pressure that can be produced internally, when, after 
heating, the residuary speed is changed into pressure. 

In the absence of pressure loss the fluid at residuary 
speed Vjj, and density deriving from heating would 

have produced the increment of pressure 

•^1 . ^° 2 2 T4 

while the increment, obtainable at speed Vg which belongs 
to the case of pressure loss, is on the contrary: 



pt = p„ ZaZ ^ p„ Zal S- ' (6.) 

^ P 1 Pc 2 Pm 2 



But in both cases the same teiiperature . T '4 . is reached 
that is to say, by equivalence of total heat dissipated in 
the fluid in both cases, with T = + yin®/2 g Cp • E . 

In the subsequent expansion the variation in kinetic 
energy follows thus from the f iaal pressure differences 
between, the two cases, or from the effective loss which may 
be termed the abaolutje load loss 



A P = Ps + A Pi - (Ps + A p«j ) 



20. 



HACA Tephnical Memorandum Ho.' 1010 



which Ijy. having recourse to 

■becomes 



equations (5) (6.),. (4),- 




) 



or simply: 



A p = 



(T4 




(7) 



Pm 



2 



The loss in pressure due to friction and heat can 
he expressed by 



Bearing in mind equation (1) seiction 5 with d R = 0 
Which ties the small variations of kinetic energy to the 
small pressure variations in the adiahatio expansions it 
is concluded that the pressure variations produce the loss 
of kinetic energy in the discharge referred to one kilo- 
gram of fluid given by 



When T4 - Tg is lower than Tg T4 , as occurs when 
the temperature prior to expansion is below 400°- 500°C, 
the pressure losses by a given small value of |, can reach 
at the most the value corresponding to the dynamic pressure 
belonging to the residuary speed in the maximum section 
after double compression. In the contrary case the losses 
can be accurately defined by the foregoing formulas. But 
in a general study, as in this instance, allowance for the 
low internal pressure losses means to consider the total 
kinetic energy loss that corresponds to the residuary speed 
in the maximum section. This assumption is unfavorable at 
internal t empersLtur es l)el«w 300°- 400o, but beneficial at 
temperatures above' it and may serve even as basis for a 
very accurate calculation when the maximum Internal section 
has an area of not less than two or three times tiu , 




A W 



2 S \ Tg T4 ^■ 



(7t) 
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rollowing the appraisal of the. pressure- losses we 
pass to the Ultimate phase of operation. - 



9. EXFAI^SION 



The gas at pressure Pg and temperature T* (previous- 
ly computed), hegins its expansion to pressure Po and tem- 
perature Ts « producing a theoretical discharge velocity 
defined by 



=, T4 - Tg = T4 



2 gE'Op 



(1 - It) (1) 



But, according to the equation for the adiahatic 
expans i on 



T. ^P3 



X- 1 



where the ratio TS/T4 is identical with ratio T'o/Tig 

of the adiabatic analogy of expansion which frtim temper- 
ature T'g and pressure Pg reaches temperature T'q 
and pressure P'o* Bearing in mind that this is found 
in section 5, (6), and in section 6,(3). 



T'o = Ti-eAT^ T'3=To + ATd+ATn, Ti+AT 



m 



we easily find 

l^ls^3^_T^-6ATd ^ eATcL+AT^ (2) 
T4 Ti + A Tm To + A Td+A Tm 

This ratio X defines the efficiency with which the 
calories subjected to constant pressure along the isobar 
Pg are changed into kinetic energy of discharge. This 
derives from the fact that the factor 

X = 1 - Is. = 1 ^(Ro)^ (sr) 



represents remarkably close the efficiency of an ordinary 
cycle formed by any two adiabatics between the extreme 
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pressures pg and p^. 



Putting for simplicity 



m 




= r 



(3) 



the eq;.'jation X of the efficiency of the fundamental 
internal cycle assumes the simple form ■ ■ 



where tj and a have an important physical significance. 
Term r in fact represents the ratio between the power 
of the meciianical and the dynamic compression and is a 
parameter of considerable influence at. high speed on the 
ralue' of the propulsive' efficiency. This parameter r 
takes the place of the ratio between the- two respective 
compressions:, mechanical and dynamic, by simplifying the 
analytical expressions through elimination of- the frac~ 
tional exponent. . .. 

As concerns term a, it is readily seen that it rep- 
resents the inverse of the efficiency of the fundamental 
cycle X, in absence of mechanical compression. 

In this case, in fact, the cycle develops between 
pressure Pj and p^ and assumes the value 



1 + r 



g. Ht. . r 



(4) 




which, as is seen, coincides with the formula 



X 



= 1 



T'o ^ 6 A Td 



1 



Ti To + A Td 



a 



A comparison of equation (3) 
for A Tji in s'eetion 5, (3) 



above with the expression 
af f or ds 
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1980 To + z V® 
a s _ ° 

z e y '2 ■• 



whidh ena'bles finding a ty given operating speed and 
amtient temperature. Tqs* notable, being the experimental 
coefficients . z and $ 

Entering the term X in equation (1) the rate of 
discharge V is then evolved froni 

• .zTT^ '^ . . • ; 

where \|/ allows for the friction losses in the discharge 
duct. The ahove equation can be written also for equation 
( 3) , - section j3. 

YYYT; = ^x(To-HqpA Td + (P a T„) - 

which, making use of the second above, can be expressed 
in the form 



\i/6A T<i + ^i'A.Tiij-\|/X (1 -cp) A . 

. ^l; X -^^li-t-^r^ A T, (7) 



10. KINETIC ENERGY AND EFFICIENCY 



With the rate of discharge V obtained for evaluating 
the kinetic energy it is necessary to refer to the equation 
(4), section 1 , , but for securing a. simple efficiency form- 
ula, it is recommended to compute the increment of kinetic 
energy of discharge produced by compression and heating 
with respect to that obtainable with the single dynamic 
compression. 

In this last case for sections 5 and 7 in absence of 
combustion or mechanical compression, and residuary speed 
discounted, the air compressed by the single dynamic com-' 
pression is discharged at rate v' according to 



(5) 



2 g E c. 
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2 g E Cp ^^^d 



vis as \j/ z 0 v' 



Inversely the, kinetic energy at discharge in the case 
of the preceding paragraph, bearing in mind tiiat 1 kil.or 
gram of air is mixed with £ kilogram of fuel, is: 



a 



2 g E Cn 



- "a 



a = 1 + € 



Hence the portion of the kinetic energy actually 
produced by the action of the propulsion system and the 
combustion follows at ■ . 



2 g L e Y 



+ (a - 1) e A Td- (1- cp) X 



a A a? a. J 



But in order to produce the temperature increment 
induced between compressor, heating and combustion given 

by ^ for the weight of air a with mean specific 

6 Y 

heat Cp the total calories 

1 + k 

are needed. 

Prom this the efficiency produced by the kinetic 
energy follows at 



E Ct 



= \|/ B = \|/ e V + X [qp(.l ■<• k)->e Y3 



+ t 



e y 



Bearing in mind that the term 



t = 



eY A TcL ^ 
d(l + k) A Tm 



[ 



(a - 1) e - (J. -cp ) a X 
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which largely represents the effect of the mass increase 

and of the co-oling losses is zero for-a = 1 and cp = 1» 

that is, practically, rzero for' internal temperatures "below 
SOO°to 400°, and since the difference of the two ciuantities 
i* generally quite small, it is practically always justified 
to ignore them in relation to the dther" terms , hence write 



B = 



eY+Ccp(l + fc)-e'Y3x 



1 + k 



(1) 



without introducing appreciable errors. 

Comparing this equation with (4) and (5) in section 
1, while bearing in mind that obviously 

^ = a yS^v^^ ^""^ putting I = R (3) 



we find 



y = m u \|/ B 



with 



u = 



g - 1 

a z 8 \1/ 



(3) 



where all terms can be expressed as functions of para- 
meters a and r and of the previously introduced 
coefficients. 

The ratio .rs = ^ is given by equation (6) in the 

preceding paragraph and equation (2) of section 5, at 

and is readily secured by introducing the above parameters 
along with equation (7), section 7. 



R^ = ^ z I e (1 . r) . X ^ - ^ ^ re-X (l-<p)] 



Prom this formula, with the fact in mind that l-cp 
is quite small compared to the two others preceding it and 
- that its omission would not produce any appreciable changes 
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in the. ratio R and also that such elimination giving a 
ratio, R ..greater than actual .always ent ai Is .a ■ smal 1 
variation iri less, of term m,, the simplified formula 
follows at : " . . 



R--= ^^ z e [l + r + r X J£Sl±nJL±J^ 



e y 



(4) 



With R® and hence R we immediately compute 



, 2 (a R - 1) 



and the propulsive efficiency 

y = Ti B (6) 

whence the consumption in grams per horsepower per hour 
given by eq.uation (3) section 6 reads* 

. 57.50 , , 
n = — - — g/hp/hr 

With these formulas, we can readily secure the value 
of the propulsive efficiency in relation to -the two funda- 
mental parameters a and r that. define the operation of 
the propulsion system, and pi ot the curv'es for' the differ- 
ent operating conditions. 

When K = 0, or in the absence of combustion, eq^uation 
(1) affords: 

B = e -Y + X ( cp - e V) (7) 



When r = 0, or in the absence of mechanical compress- 
ion, equat ion (1) section (8). (K=c» and hence according 
to equation (1) and (6) section 7 and equation (4) sec- 
tion 10) affords: 



B ,= cp X y, = Ti CP X =,T) ^ (8) 
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When a = oo or for equation (5) section 10, at very 
low speed, in the absence of coabus^tl on and at low com- 
pression, hence when r is 'not very high, 

; B zi.e y. 7 & r\ y e , (9) 

m^y "be; retained. • . 

From, equeition- (6) it is es tabl.i-shed - that . the term 



r\ = Of) m u 



given by (5) represents solely the propulsive efficiency 
comprising all losses, due to friction and to kinetic energy 
of discharge, a term that exactly corresponds to the pro- 
peller efficiency. 

Term B instead represents exlusively a thermal effi- 
ciency and can take the place of the 'thermal efficiency of 
the engine-pr opeller . sy st em , while observing that term B 
is directly dependent upon the efficiency, n and cannot;, be 
examined separate from it, except in the special case where 
we can retain X = 0 and hence , B * e Y or else K '-«> and 
hence B =constant. 

The efficiency of propulsion alone n follows as 
function of R only between the speed of discharge and 
the speed of translation since the factors cp , z and 6 
can be kept constant. The curve of this efficiency is 
shown in the chart, figure 4, for 

a =5 1.01, \i,'= Q.99 z = 0.97, 6 = 9.96 
which resembles average experimental values. 

It generally has a'. maximum obtainable by derivation 
from equation (5) equating to zero and resolving the cor- 
responding equation, The maxim.um for follows from 



Hjj = 1 + Jl -r i|/ a z 6 ; • • (10) 

in accord- wi'th which the effic i en cy- assumes the siople 
f orm 
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^max 




(ii) 



In the specific case where B is constant or in- 
dependent of R this maximum coincides with the maximum 
propulsive efficiency y which defines the speed of ad- 
vance. But in a general case, the maximum propulsive effi- 
ciency y heing variable with R, y occurs at a value of 
R which more or less differs .from that, of R^ , whence the 
necessity to plot the curves defining each operating speed 
hy points. It is ohvious then that, once the value of r 
$,nd R have been secured, even a substantial variation of 
these values from that defining the maximum will produce 
practically no change in the propulsive efficiency. 

12. EXPERIMENTAL. C OEPnCIENTS . 

The V'alues.of- the various coefficients can be deter- 
mined experimentally ,, 

As concerns the- -term & p, Aymerito»s test; data (refer- 
ence 11) on jets of 16 mil-lime.ter diameter, in the contracted 
section, or those .by. Castagna at Reynolds numbers of around 
5.10^ or the more recent data by Ackeret (reference 10, and 
24) can be used. 

In thes'e experiments the ratio of absolute to thee 
retical compression was defined. By deducing from this 
the ratio between the excess .pres.sures , sta^rting 

from the pressure in the minimuni section, a mean pressure 
efficiency of 0^90 to 0.92 is afforded for speeds below 
1100 meters per hour. Aymeritofs value Was 0.95. (in both 
these test series the Reynolds number effect was deter- 
mined* ) 

'In 'general the pressure efficiency obtained with the 
large exit cones of wind- tunnels is less (ref erence 12) . 

Tests in the Caproni tunnel, for instance, gave 
scarcely 0.75 in spite of the benefit of large Reynolds 
numbers. This is a direct result -of the dfeflection of the 
air after passing through a chamber of immobile air or at 
least a long cylindrical path of the .jet where the bound- 
ary layer thickness is greatly increasedi and so becomes 
largely responsible for the separation from the walls of 
the cone as soon as a minimum recompression is effected. 
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(This is- shown clearly in To;maso 's:. e.xperim^nts= who. found 
ef f iciencies -of 0, 98-'-. \0.. 99.: jin. the -ftbs.eji-c^e, ,0;f t he .boundary- 
layer (reference 84) » . ; . 

When this boundary layer is minimum at the mouth of 
the exit cone as in the c.it ed , e.xper iments and in the some- 
what older tests reported by Andre 's (referenc e 13) the 
efficiency also amounts to 0«9O. 0.92 for small .jets 
(case of liquids). 

In the C9^se dealt with here there is no pre-existing 
boundary layer in the throat of the exit cone, hence the 
results are better", even for small diameters as borne out 
by experiment. 

Important systematic studies carried- out in collabo- 
ration with the Caproni Company have also brought out the 
extremely great- influence of the' form of the ,jet and of 
the Reynolds number. It may be stated that for large 
jets (Keynolds numbers of 5-10x10® and speeds < 1000 .km/h) 
a pressure efficiency of 0.96 ean be easily obtained and 
a resultant thermodynamic efficiency of around 0.95 - 0.98 
at subsonic speeds, that is, up to about 1100 kilometers 
per hour. (A report on the efficiency at supersonic speeds 
is to follow in the near future.) 

The pressure efficiency Yp depends upon the type 
of compressor used. A high-power centrifugal compressor, 
designed by modern standards, as regards blade sections 
and fillets, can give an efficiency of = 0.85. An. 

axial compressor with few discontinuities, and of the 
same diameter as those -used in the modern large wind 
tunnels, guarantees an efficiency even higher and a quasi- 
adiabatic compression; -Experiments made in the Caproni 
laboratories with an axial compressor (sections derived 
from the NACA airfoil No, 0020 with thickness and camber 
varying progressively along the radius (reference 23)); 
having a 460 millimeter impeller afforded an efficiency 
of about 0.85, which agrees very closely with that obtain- 
able on the basis of blade profile drag at the Reynolds 
number of the test (at blade half about 3x10^), $o that 
on fu^l-scale axial impellers (Reynolds number about 2x10®) 
a practical thermodynamic efficiency of from 85 to ^0 
percent or perhaps even higher (reference 2.0) .could be 
counted on. ' 

These results are not unusual when it is considered 
that a propeller gives a propulsive efficiency which may 
be as high as 0.85, hence a blower efficiency of the order 
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.ef- 0,90 to 0,92 •aot.withs,taa<iing th.e. losses by. wake eddies, 
losses whicrh are recov-er-ed ■to a great .e'?ctent-. in &±ial com- 
pressors by the diffuser or straigl^tejier .that se-utrallzes 
the free axial vortex. 

The efficiency of discharge \J/ is notably high and 
closely approaches' unity for convergent jets and subsonic 
speeds. At speed superi or t o the effects of thrust re- 
action, a partial, rather than a complete, ejitrance cone 
(effusor) is sufficient to improve the efficiency of the 
discharge cone that obtains with a complete Laval nozzle 
(reference 1, Part II) and which is known to be 0.95 to 
0.96 for small diameters (references .3,4.,. 8., 15). . 



Tests at small Reynolds numbers (maximum about 10^) 
made. in. the Caproni laboratories with jets of 300 - 400 
millimeters diameters at speeds of the order of 50 meters 
per second gave an efficiency of around 99 percent. For 
large jets at large Eeynolds number (Ry = b -r 10 x 10^) 
this efficiency is higher than 99 percent at any discharge 
velocity (below 500 - 600 meters per. , second for gas at 
300°).. Recent tests by ^he. iTACJA on . jet propulsion (refer- 
ence 5) with respect to the coefficient \|/, disclosed an 
efficiency cons istently . above . 99 percent on the basis of 
a theoretical thrust reaction of cp = i " and an' effect ive 
thrust reaction for jets with diameters of a few inches 
and. speeds up to 300 - 400 meters, per second. 

Of the remaining, c oeffic i ents J a = 1 + e the mass 
increase..6,nd cp the heat loss, the first is a function 
of the increment of the total temperature and can be 
computed as follows: if P is the lower heat value of 



the f uel • and Cp the specific heat of 
and , combus t i on products, the increment 
A T for each kilogram of a.ir is: 



the mixture of air 
of the temperature 



(1 + e ). Cp A T = e P 



1 + € = 



P - Cp A T 



where e ie the- amount of fuel per kilogram of air. 

The increment AT, beyond the dynamic compression, 
is, in accordance with the foregoing arguments. 



•_ (1 + k) . „ 
A T = L T_ 
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whijih, l)earliig in mind the relations (3) section 10, 
readily affords ^^ -^ 



(1 

e Y b a - 1 



^ I _ _ _ 



To illustrates for values A T of the order of 500° 
and with gasoline P. 11,000 calories, we get 

1 + e = 11000 ■ = 1011 

^ 11000 - 120 •^"■^■^ 

The coefficient of heat loss cp cannot be evaluated 
by disregarding the type of thermic insulation adopted in 
practice. But, to take as example the most unfavorable 
case, that is, without insulation withan exposed area 
of 10 and & temperature jump of 500° between inside 
and outside, assuming a coefficient of transmission by 
convection and radiation' in air at density 1/3 of that 
in the ground of Ke = 40, the heat loss per second is: 

A C = 40 I 10 X 500°/3600" = 55 cal/sec 



Since such a propulsive unit would have the dimensions 
corresponding to the development of horsepower at altitude 
of about 250 horsepower, or 439 calories per second the 
resultant consumption with y = 0.20 would be about 2200 
calories per second. Hence, the loss in this case would 
be reduced to 2,2 percent without insulatiop. With 
thermic insulation this loss can, of course, be reduced 
to insignificant values, that is, values of less than 
1/100 of the consumption. 



13. ILEUSTRATIVE CALCULATION OP THE PROPULSIVE EPPICIENCY 



(a) Operation without combustion - speed 500 
kilometers per hour. 

Let us compute the efficiency of a propulsion system 
capable of operating at 500 kilometers per hour at 500 
meters without the aid of combustion. In this case a 
coefficient of heat loss of cp = 0,99 may be assumed. 
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We ge-t V = 139 meters per secon'd,". Suppose » on thi'e other 
hand,, an . 



Adiabatic efficiency of dlffuser , g = 0.96 

Coefficient of maximum internal heat loss« z = 0.97 

Efficiency of discharge cone cp "= 0.99 

Adiabatic efficiency of compressor......,, \ = 0.87 

Augmentat ion of mass • • • • !^ ~ 1 • 005 

Efficiency factor of engine....,..,.'...... e = 0,24 



Then by apportioning, a ratio r = 1 for mechanical 
and dynamic c opipression , and allowing for the fact that 
the temperature at standard air at 5000 meters is -17° = 
256° K, we obtain according to formula 5, section 10: 



1980 X 256° + 0.97 x 139 
0.97 X 0.96 X 139* 



whence, immediately follows, according to equation (4) 
section 10: 

X = . _ 0.066 

29.30 + 1 



as the efficiency of the adiabatic cycle. In the absence 
of combustion, that .is, with K = 0 the thermal efficiency 
of the group becomes, according- to equation (7) section 11: 

B « 0.24 X 0.87 + 0.066 (0.99 - 0.24 x 0.87) = 0.260 



To find the mechanical efficiency it is necessary to 
secure the speed of discharge or the ratio R. According 
to equation (4) section 11 it is i 



t,97 X 0.96 



= 0.99 X 0.97 X 0.96 I 1+ 1 + 0.066 " "o^'^^n^ ^oo^'^ |'^3.072 



hence R =1.440 and for equation (5) section 11 

2 (1,005 x .1.44 - 1). 

T) = 0.99 . — ZZHr -= ■0.7B1. 

1.005 x 1,443 - 0.99 x 0.97 x 0.96 
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and finally 

Y - 0.. 7.61. X 0,260. =„ 0.198 



Bearing in mind that, by assumption the efficiency 
factor of the engine is e =0.24 it follows that in order 
to obtain an identical efficiency with :the same engine but 
with a propeller , an' ident ical efficiency, the propeller 
efficiency must be 

t, = = 0.825 

® 0.24 



Modifying the efficiency factor 10 " 20 percent more 
or less would produce an identical result about the equiv~ 
alent propeller for 600 kilometers per hour speed of ad- 
vance. 

(b) Operation with combustion - speed 950 kilometers 
per. hour, . ... 

Let us assume any altitude up to around 14000 meters 
where it is desired to realize a propulsion of the system 
at a speed of 950 kilometers per hour with the setting as 
in the preceding example, hence with the same resistance 
to advance, (discounting for the moment the effect of the 
compressibility on the value of the resistance itself). 
Then a new effective power 



is necessary. Hence a 90 percent power increase must be 
provided . 

Supposing, subject to check later on, that this power 
increase can be realized with a ' better . efficiency than in 
the preceding case; that is y = 0,22. In this cas^ the 
consumption at 950 kilometers per hour would be higher than 
that at 500 kilometers per hour according to the relation 



C950 = C500 X 1.90 frllf = ^'"^^ Csoohtnce K = 0.71 
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Repeating then the calculation with K = 0<71.and 
a = 1.01 while retaining the same coefficients and bearing 
in mind that the new altitude will be attained at 14000 
meters approximately where the standard .air temperature is 
56°, 5 0°, and hence T = 216°, 50 we find: 



a = 1980 X 2160.50 + 0,97 x 264^ _ 7^55 
0.97 X 0.96 X 264® . ' 



Assuming further in this case r - 1.00 we get 



1+1 _ _ 
X = 7.65 + 1 = 



whence thetfeermal efficiency follows according. to equation 
(1)' section 11 at 

B = 0' 87 X 0.24+ 0.2313 (0.99 x 1.71 ~ 0.87 x 0.24) _ 0.333 

1.71 

The speed of discharge is obtained as before at 

R** = 0.99 x,0.97 

X 0.95(1+1 + 0.2313 0.99X 1.71- 0.87 X 0.24 V 3^35 
^ 0.87 X 0.24 ^ 

whence follows; 

R = 1,832 and with a = 1.01 

2(1.01 X 1.832 - 1) « ^ ^ 

= 0.99 . ■■ = 0.680 

1.01 X 1; 832® - 0.99 X 0.97 X 0,96 

• - y = T» B = 0.22 



This- efficiency could also be .obtained with an -engine- 
propeller system having an engine with a horsepower 71 per-" 
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dent greater than that nedessary for a speed of 500 kilo- 
meters per hour hut with a propeller efficiency of 



0,33 _^ cii • 



It further follows that the consumption K = 0.71 
produces, in effect, the propulsiye power increment 



11 = 1.71 0'S2 ^ 1.90 
N 0.198 

with respect to the preceding case*: 

(c) Case of engine stoppage - speed 950 kilometers 
per hour. 

Assume case (h) in which the engine stops while run- 
ning at 950 kilometers per hour. The efficiency in this 
instance would become 

■ ■ " y = n 5' 

a. 

as seen in sectio-n 11> 

The thermal efficiency B thus assumes a constant 
value : 

. B.^= 5 = £li£ - 0,1225 
* 7;65 

and the propulsive efficiency with \|/ 0,99 a = 1.01 
)>ecomes 



y = 0.1225 X 0,99 



(1.01 R - 1) 2 
1.01 - 0.931 



Under these conditions the" efficiency is then a sole 
function of the chosen ratio R of speed of inflow and 
of discharge. The maximum efficiency can he obtained from 
equation (11) section 11, in which 
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Em = 1 + 



J\ - O.Q'Sl = 1.2625 



It obviously is obtainable for vaJLues of R ranging 
between R = (1.20 - 1.50) 's inoe ,- being located at the 
point of maximum on curve y = f (R) figure 4, a variation 
in R does not change the value of y and assumes the value 

0.1225 - 
^oax - 1.2625 = 0-1025 

So, in order to obtain the propulsive horsepower nec^- 
essary for flight in case the engine stops » the consumption 
increases in the ratio 



C _ 0«22 _ o ic 
T " 0.1025 ~ ^'^^ 

over that df the previous case. 

Hence the propulsive power required can equally be 
obtained, when the engine stops, but the consumption then 
increases by 111 percent at .950 kilometers per hour speed; 
at lower speeds it would increase in much greater proportion 

(d) Operation without combustion - V = 380 kilometers 
per hour. 

Leaving the setting of the assembly unchanged its speed 
at zero altitude would become about 380 kilometers per hour. 
Under these conditions an atmospheric temperature t + 15° 
that is, T = 2880 always with r = 1 , - affords 



V = 105.60 a = 1980 x 338 +0.97 x 105. 60^ ^ ^g^g^ 

0.931 X 105.603 



hence 



^ = \a ^r. "*" , = 0.0347 
56.60 + 1 



and the thermal efficiency becomes, with. K 0 



3= 0.24 x0.87 + 0.0347 (0. 99 0. 24 X 0 . 87) = 0.2364 
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The ratio is given in the usual -miahner by. 

/ • . 0.79;i\ ■ 

■ = 0.9B2 (.2 + 0,0347 ^ „^» T= 1*9.65 
\ 0.209/ 

hence •. - 

R = 1.401 T, = 0.99 (1-005x1.401^1)2 ^ ^^^^^ 

1.005 X 1.965 - 0,922 



and finally 



y = 0.767 X 0.8364 = 0,1815 



According.' to this it would "be possible to obtain at 
zero level the same result with the same engi;ie and with 
an equivalent propeller capable of an efficiency of 

® 0.34 

Hence at low speed, in the absence of combustion, the 
equivalence with the engine propeller unit is complete. 

14. OPERATING CHARTS 



The calculations of the foregoing examples were re- 
peated with y = 0.835 for a large number of values of para 
meter r and in a way s o as to secure an efficiency curve 
for each speed and altitude. 

In addition, the successive values 1, 2, 4, 8, 16, 32 
and <» were given to factor K + 1 for each chosen speed 
and plotted against parameter r for each propulsive effi- 
ciency chart. 

The base speeds were assumed at altitudes correspond- 
ing approximately to' those obtainable with conventional 
equipment which at sea level, in the same setting as at 
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high altitude, had a speed of around 380 kilometers per 
hour,*. The variations in ,the efficiency resulting from 
an ait itude ..other than that of the chosen basic altitude 
are very small and readily computed --aB ■ will "be shown 
helow. 

The results of this systematic study have heen col'- 
lected in charts I to V which refer to the cases in the 
following table: 



Altitude 



Temperature 



0 

5,000 
10»000 
14,000 
16,000 



15 

17 

50.5 
56,5 
56.5 



Chart No* 



1 
2 
3 
4 
5 



Speed 
ir 



300 
500 
700 
900 
1100 



The- six curves corresponding to values 1 + K are 
indicated in each chart by success'ive numbers. The curves 
corresponding to progressive consumption are referred to 
the engine consumption in the ratio 1 + K = Ct/°m» 

.In the absence of the compressor the propulsive effi- 
ciency attains, as previously noted, a value which corre- 
sponds to K = ® So instead of a curve, a point with 
abscissa r = 9 defines this condition on the chart. 

These charts require no further explanation. It 

is readily seen that with increased speed of advance 
the effect of factor r is slight at small combustions 
K < 4 but becomes profound for combustions absorbing . 
from 4 to 30 times the consumption of the engine alone. 
The maximum of this curve shifts rapidly toward minimum 
compression and to zero for K This ties in with 

the fact that 



= \(/ z 6 



1 + r + r X 



q>(l+ K) - e y 
e V 



: : ' " ' .... ■ ■ 

* The altitudes are included for the sole purpose of 

establishing their order of magnitude. Temperature 
and speed must be fixed. The time altitude can be 
accurately secured when the aircraft characteristics 
are known. 
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with, ascending K, that is, the internal temperature, 
increases rapidly aiid this rise is so much faster as X" 
is higher or as the speed is greater, and in' consequence 
of which the kinetic or propulsive efficiency m drops 
quickly to very low values unless low ratios of compres* 
8 ion or minimum values 6£ r are used*. 

If the speeds plotted in each chart had been obtained 
at an altitude other than that shown in the tabulation, 
the corresponding curves would manifest slight variations* 
But instead of varying the curves it is sufficient to 
assign to each chart a speed diagram different from the 
basic speed, since the curves themselves correspond exactly 
to the different situation. 



In fact, all the other coefficients being equal, the 
term a is the only one that varies with the speed, hence 
identical curves correspond to two situations which have 
an Identical value of term a. According to the definition 
for a, identical curves correspond to two situations defined 
by speed v and v Ij^, and temperature and Tqi *he 

relation 

o - 1980 To + z v^ _ 1980 Tpi + z Vi"^ 
z 6 vs z G v^a 

is satisfied. From it the new speed Vj corresponding to 
the temperature Tqi differing from that assumed for com- 
puting the above chart follows at 

z(a e - 1) 



where a is the value which corresponds to the chart in 
question and hence 




The foregoing relation enables the direct deduction, 
of the new speeds corresponding to each chart for temper- 
atures other than those on whiph the plot is based.. 



The variations are, however, minimum at high altitude 
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as seen from a study of ^the temperatures at altitude, ' 
whi:le.at low lerels. they would he considerahle and other 
tban.negligihlei . „; ■ 

All the plots are separated hy the horizontal y = 0,19 
which corresponds t,io the efficiency of an engine-propeller 
unit with a propeller efficiency of rie = 0.80 and with an 
engine identical with that mounted on the jet propulsion 
syste-m* 

It is' noted that in ahsence of comhustion the . efficiency 
of the Jet propulsion unit, hence its' range is consistently 
■greater than that of the engine-propeller unit at speeds 
above around 450 kilometers per hdur and slightly below at 
lower speeds. (This result refers to the case Y = 0.835; 
with y ~ 0.87 the equivalence shifts toward 380 - 400 kilo- 
meters per hour). At a speed of 1000 kilometers per hour 
the efficiency with K = 0 would be 0.29, hence the range, 
in relation to an equivalent engine-propeller unit, increased 
by about 47 percent while at 300 kilometers per hour the 
efficiency would be 0.176 and the lange about 7 percent less. 
Equivalence is reached at about 380 - 400 kilometers per 
hour. 

This last situation with K = Oi when compared with 
the boosting of air in the engine which, as seen very shortly 
can be pushed to 2 - 3 atmospheres, can be of interest for 
long range aircraft capable of very high speed. 

The'rise in efficiency in this ins tance ' c ompared to 
an equivalent engine-propeller system is largely the result 
of the utilization of heat dissipated by the engine. It 
was found that the combustion always produces a drop in 
efficiency, the percentage being so much more accentuated 
at low speeds and less at high speeds; so, for example, 
at 1100 kilometers per hour with 1 + K = 4, that is, 
with. an engine developing only 25 percent of its total 
power, an optimum efficiency is still obtained.' 

Since, in general, the absence of combustion calls 
for high engine horsepower and hence a lower useful loa.d 
by equal gross weight of the aircraft, the greater range 
at higher speed is always o'btained with a more or less 
high consumption to be defined for each case according to 
the aircraft characteristics. Such study is- facilitated 
by the ' effect ive ' power .di agrams whi ch are gi-^en at the 
end of the^preseht report , following the ianalysis of the 
internal temperatures and pressures of the propulsion, 
.syst em, 



NACA' Tec'hn'ical Memoranduni'- N-o i - lOiia';* ' 



41 



jrhe operating d,i;agr.ams ihust' toe cbmple-tediW^^ a 
sys tema.t ic ' ejcafnlnat ion o'f the tb-tal ■ pre s's-utre ■ and maxl- 
m.um temperature",, so .as ' t'o jperni.i't 'aiit- a-c-feu^^ 
of . the eventual . tfed'ac 1{ J 

study the limits of appiic ability' '-of t-he' cKifeiPts In re**-' 
lation to the maximum temperatures obtained' in cor r'esrr. , 
pondence with- the .di f f er ent values of r or of the 
various mechanicaiv'te"onip.reVsi6'hs^^^^^ "Foir6Vin-g t:fi."is the 
diagrams, . enabl ihg' 't he pi ot t ing' of ' t hk" eiffic^iency curves 
at various height levelk in relation to the maximum' 
speed obtained without combustion, are illustrated. 

(a) The compressions produced in correspondence 
t9 a given value of r and a follow from equation (2) 
section 10, where, with X = 1,41, a value correspond- 
ing to the case of air with t < 200 to 300°, we get 



Po 



(1 - X) 



3 . 4-4 



(1) 



Since X is a function of r, Pg/Po al.so is a function 
of u , so the curves of total compression and of mechanical 
compression can be plotted for each speed. 

To illustrate; -at ■ a speed of 950 kilometers per hour 
it affords with r ^ 1 



2.456;. 

Pq ^1 - 0.2306>' 
while for v = 0 (engine stopped) 



RS. ( ^ V '^^ = 1.62 

'■ ■ ••• Po " Vi - ■Q.1303/. . ..^ 

hence, r = l- corresponds t.o a. total, compression of 2.46 
and a mechanical cpppresslon of j3.4.6/i,$2 = By 
this method the curves of the ratios of total compression 
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and mec'hanical compression have heen plotted against r 
in each diagram for each speed. These curves, put in re-^ 
lation with the relative density at the effective height 
where the speed of the diagrams were, obtained, enahle 
a quick orientation in the choice of a more appropriate 
value of r in the different cases for canceling or at 
least mi nt'ffiizing the -^drop in engine* horsepower at altitude 
which is expected in every case with the usual high alti- 
tude compressoT 

(b)' ■ The maJfimum temperature, reached' Inside the pro- 
pulsion system' is given in equation (3) section 8, which, 
starting from atmospheric temperature Tof.- gives the total 
increase: 

T4 - To = To + e V To ^' 

whence, with 

To + A Td- _ A • Tm _ ^ 

6 A Td 6 Ad 

in mind, follows 



^ ° ° e a - 1 



Por the speed and altitude of exmaple (h) the above 
equation becomes, "for instances. 

T'4. - To = 216,50 ^.-^ ^'55 ^^^"'^^^ 



for r = 1 and E = 0.71 it is 

T'4 - To = 35.80 + 160.0 r (1+K) = 309.20 



* The dynamic and mechanical compression work in series 
beyond the effect. of the compressor. 
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whence the temperature in °C in the example is 



a?„ax = 309.J2° - 56;5° = 252*7° 



Plots la to Ya show this maximum internal temperature 
plotted against r for different values of 1 + K. Case r = 0 
cannot be shown in the temperature charts. . In this instance 
the increment T '4 - Tq is expressed as function of R. In 
fact, according to equation (4) section 11, with K = ; 
r = 0 , we get 



While the foregoing equation (2) affords 



a e - 1 



with V = 0; K =ooi and, after elemination of r k/e V : 



T t — ni — ■*■ 0 

'4 To - e ^ _ ^ ^ 



+ .a. - ^ z e ) 



\|/ z cp 



■) 



(3) 



So, with E = 1,40, it affords in example (c) 



\ 0.99 x 0.97 x 0.99 / 



and the internal temperature 



tfflax = 295 - 56 =239 



if, with engine cut out, the dimensions of the propulsion 
system enable it to realize R = 1.40 
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(c) It is' also necessary to know in function of r, 
the aspect of the temperature immediately following the two 
successive stages of dynamic and mechanical compressioja and 
whether for checking the' value 2L: resulting from the 
effective density after the compression or for examining 
the cooling capacity of the compressed aijr which leaves 
the radiator and feeds the engine. This .temperature is 
quickly secured from the foregoing relation hy putting 
E a 0 and e » 1 as is .readily seen from a comparison with 
equation (9) section 6. 

Thus the increment produced hy the dynamic and the 
mechanical compression alone follows at 




(3) 



In the cited example this increment is given hy 



, Ts - To = 35.2° (1 + 1.09) = 73.6' 



whence the temperature tg after compression is: 



tg = 73.6° 



56.5 = + 17,10< 



Now, the velocity Vjj in the section Q- which evidently 
satisfies 



Ps 



can be accurately computed. 
The ratio 




(4) 



which is also included in the graphs enables a quick cal- 
culation of Vjh/v for a given design ratio a)/f2 and hence 
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of./coef^;.lc-ien,t._z_*\^.^,.^;'.; ^' 

Lastly .it. is useful. Tp' kiiow' the power required for 
the mechnanic'al colnpf es s i on of 1 kilogram of air ,in corres- 
pondence to each value of r. * ' ' '• 

This speciif ic power in horsepower per k;llogranr on the 
basis of 1 calorie per second =' 5.70 horseppiyer and hence 
1° per second X kilograip' = 1 , 345 horsepower is sikply ex- 
pressed by 



■S£ = 1.345 
.ft 



= 1,345 



Y ( 6 a - 1) 



(5) 



where Q is the quantity of air (in kilogram) compressible 
per horsepower* 



16. OPEHATIOSr OF COMPEESSOE AT C OW STABTT . POWER 

The knowledge of the specific power of compression- 
in function of r and of the quantity actually inductible 
by the inlet opening under the vatious conditions of flight 
enables the evaluation of the characteristic curve of the 
compressor in relation to chosen values of • r at various 
speeds of advance, or the curve expressing the ratio of 
effective compression in function of and vice versa, 
the prediction of the values of r at different speeds and 
heights for a given type of compressor. 

The quantity induotible by the compressor in the various 
phases depends upon the design characteristics of the unit 
and may vary for each" speed between fairly wide limits of 
the geometrical quantity that can be inducted on the basis 
of the opening of the inlet and the air density. The var- 
iations can be", effected by varying.the dischstrge parts 
(refe'rehce l) 'so.as to produce a positive or negative pres- 
sure in the actual , throat of the . intake wi and hence a 
speed of inflow vj variable on. the throat; while the. speed 
V of the unit is maintained. The fundamental quantity -it- 
self is readily ascertaiied,, 

With gp as specific weight of gas and wi the real 
openingHof. the^. inlet , the., fundamental quantity Q follows at 



q = g p Wi V 



(1) 
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This fundamental quantity varies considerably with 
altitude and speed by modifying the characteristic curve 
necessary for the compressor in the various cases of flight. 
Two types of fundamental .operation or. .limiting cas.es are 
involved, namely; 

(a) flight at various heights and speed with constant 
angle of setting, 

(b) flight at. constant alt itude. wit h speed and setting 
varia.ble . 

In case (a) with fixed fundamental setting of aircraft 
characterized by, say ., . s p! 1 1 ing for maximum fineness, or 
least energy and for a specified wing loading, the speed 
of advance is tied to the density through the relation 




(2) 



where v^ is the speed reached by the aircraft at zero 
altitude and density pg in the setting under consideration. 
(This relation is in practice sufficiently approximate up 
to. 900 to I'O-OO kilometers per hour. Por higher speeds a 
certain approximation obtains for symmetrical profiles, 
while for cambered profiles every validity is lost (refer- 
encess 16, 17). In consequence law 2) can also express 
flight beyond 900 to 1000 kilometers per hour but with 
approximate changes in setting). 

With Q,Q as the quantity at zero altitude the funda- 
mental quantity that can be inducted at various speeds is 

Q. = Q.0 ^ kg/sec (3) 

Hence the quantity (in kilogram) in flight at constant 
angle of setting decreases proportionally to the increase 
in the speed of translation. This result ties in with the 
formula for the mechanical compression attainable with an 
available horsepower and enables the deduction of value r, 
for the fundamental quantity, at constant horsepower and 
variable altitude. 

With a^ denoting the value of a at speed vq and 
zero, alt itude, equat i on 5, section 15 affords, with rp as 
value of r at zero altitude, 
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e a - 1 



<4a 1.345.^ 



for the basic q,uantity <^q- 
But with 

§ a - 1 = 



o _ 



A Td 



1980 Tq 
z t2 



taken into account (equation 3, sections 1© and 5) It readily 
follows that the ratio between the value of r at speed v 
and the value Tq is simply expressed by 



(4) 



or by equal power of mechanical compression the ratio r 
between mechanical and dynamic compression foy the geom- 
etrical quantity decrease proportionally to the rise in 
speed of translefcion and to the drop in absolute temperature. 
With an arbitrary value of r established the successive or 
preceding values at different speeds (always in flight at 
constant setting) can be immediately identified accurately 
on the speed diagrams, with the added convenience of adopt- 
ing for each speed a si i^tly d if f erent value from the badic 
one, so as to increase, for example, the compression of 
gases .feeding the engine. 

Heferring to the basie values of r as deduced by 
the foregoing method we. get . 



r = 



A T 



m 



A Tm 1980 



^ A Td 



V2 



hence 



A T 
A T. 



Vo 



mo 
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a formula which, put in ratio with the preceding one, gives 




(5) 



Since the increments A Tm are proportional to the 



energy 



•m 



imparted by the compressor to each kilogram 



of fluid, this specific energy oS cojjipr ess i on increases 
in proportion to the speed of advance. 

Following this the volumetric quantity is put in 
i'atlo with the ahove energy Wjjj* 

But with Q, as the intake of the compressor, Vj. the 
speed in the said section and wi .the intake of the pro~ 
pulsion unit, it affords 



V - V IX £2. 



with 



= . 1 + 



To 



6 a 
$ a - 1 



P 



a - 1X3.44 



(7) 



derive from equation (3) section 10 and equation (6) sec- 
tion 5 the volumetric quantity of air per mc/sec. 



<4v - - ▼ Wi 



6, a 



3,44 



= V w^ r 



(7) 



Hence, given the quantity Qy^ which corresponds to 
speed Vq and which can be obtained by the above formula 
for a = ao , the different volumetric quantities can be 
secured from the f ormula 



Civ =. <4vo ~2 JZ' 



e a 



& a - 1 



- 1) 



3.44 



3 . 44 



(8) 
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where F and Fq are the reduction factors resulting from 
.t,hjB-.d3tnam.lc -COjapressi on which are ohtained from previous 
equations.* 

a?o illustrate: the factor P In the assumption 



e - 0,96 z = 0.97 



assumes the aspect of that in figure 5 with respect to 
different speeds of advance and temperature, which results 
from a speed of 380 kilometers per hour at zero altitude. 
The factor changes, of course, when the speed at zero 
altitude is modified. 

Case h, flight at constant altitude, being secondary 
in importance by reason of the high fuel consumption" 
(reference 19) is discussed later. 



18. CHARACTERISTIC CURVES OF COMPHESSOR 
WITH CONSTANT POWER 



In the case of centrifugal or axial compressors 
with fixed blade angles, with Nq denoting the rpm at zero 
level and t the speed, since at similar speeds the energy 
imparted to the fluid is proportional to the square of the 
rpm, it follows that, being able to change the rpm, it can 
be made to satisfy equation (5) section 16 very simply by 
means of a change in Nq so that 




that is, by shifting the. ope rat ion of Nq (figure 6) which 
expresses the energy A Tm in relation to the volumetric 
quantity <iv O v^ » toward curve N which, is obtainable 
from the preceding curve (reference 20, p, 176, reference 
21, p. 210). 

" ' " II ' 1 1 I II I , I II I . ]. ■' .. I 1 I .I I ■ I- J i i' i . 1 i i iiii i ■ , ' ■ , , 11 , .1 1 , II . I 1 1 ■ II 

•This factor is none other than the relative densities 
of the outside atmospheric conditions. 
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However, no matter what operation is maintained in 
strict analogy, hy passing from curve 'Nq to N, the speed 
W ill tlie inlet orifice must vary in proportion to the 
ratio N/No? and vice-versa, having defined the effective 
variation of v^ in relation to the caUs^ previously ex- 
amined, the given points cannot correspond to the affined 
ones, "but rather are characterized by the new volumetric 
quantity (^^ ohtainahle. from equation (6) and energy A T^j 
deriving from equation (5). 

Although appreciable, the displacements have no material 
effect on the efficiency and by whatever method the foregoing 
quantity i.s modified in respect to the basic quantity, we 
can, if necessary, plot the operation to the most convenient 
one, or to the speed in strict affinity. 

To illustrate, with an assumed basic speed of Vq ■ 385 
kilometers per hour, the successive speeds follow at'; 



km/hr 


^0 


A Tm 


/ A Tm 






A Tmo 


/ = n 


385 


388 


1.00 




500 


256 


1. 15 


1.072 


700 


233 


1 .41 


1. 187 


900 


216.50 


1.76 


1.326 


1100 


216.50 


2.15 


1.467 



On .the other hand, regarding the speed in the intake 
in relation to the geometrical quantity the var iat i ons are 
as follows: 



km/hr 


Pi /Po 


To/Ti 


F 


v/vo 


— - = n ' 


n'/n* 


385 = vo 


1.066 


0.990 


0.950 


1 


1 


1 


500 


1. 128 


0.965 . 


0.920 


1.30 


1.256 


1.17 


700 


. 1.309 


■ 0.920 


0. 830 


1.81 


1.590 


1,34 


900 


1.558 


0. 873 


0.735 


2.35 


1. 810 


1.36 


1100 


1.900 


. 0,823 


0. 640 


...2.85.. 


.1,925 


. 1. 32 



*(This ratio represents the distance of removal of the 
affinite speed)". 



In this case, fixing the maximum efficiency of the 
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compressor, at ■•n?/n.,= .1. 1? , for instance , at ' speeds above 
. or berbw .500 lEllometers . per honf • the quant^ 
varied up t o 20 percent f rom that giving maxlm-um' 'ef f lei ency , 
hence -the compre%.s,or::.would always opeir'ate .at ^maximum effi- 
ciency, figure .-6;.-tllustrates thiS; jteha'^tdW • of the com- 
pressor at diff erent' f orward speeds 'and: "height s . (instead 
of plotting- th«. rSr^e.jv^ 1 e n c e - | quan t i t y ^ cit r v e s 'for different 
rpm we pi ot t ed- . ,t*!:OBe. f or ^ prevalencvfrv quan t i ty , whe re 
the afflnite points are align.ed with the origin, rather 
than on .the parabola;)-,: ' '•' 

A 8iuasi-id«n,t leal . result can be ■o)>ta'in6d by a variation 
of the rpm, a variation, which requires change- iii' speed, 
with an appropriate de t erminat i on,, of , t he characteristic 
compression curve, or by other mechanical means customary 
In the manufacture • of compressed- alr-i = In' this 'respect there 
are any number ..of pos slble solutions according, to either 
the characteristics of the heat engine or of the employed 
compressor. 

But for the purposes at hand it is sufficient to show 

the operational variations of the compressor required at 
different speeds in flight with constant setting at high 
alt itude . 

This e.xample shows that the variation's ■ n in rpm will 
be Jninimum in comparison to the speed ' Changes of the air- 
craft (while the -speed changes f rem 380 t'o. "llOO kilQ^ieters 
per hour or 1-80 percent , the rpm rise f'rom 1 to 1.4.67 or 
scarcely 46 percent)-. 

These small variations can be annulled or minimized 
,by preper cftre:, .. a.8 stated before, so as to approximately 
insure constancy in engine . and compressor in fLiglit a*., 
different speeds and rpm. 

Contrariwise, in flight ..at constant altitude, po Tq 



hence 


^ ^ 'o , 




■ A Tfflb " ▼ 


(4vo . ^0 1 







(9) 



or any ;ri&e -in apeed -.is aocompdhied by a "ris e ' th volu-^ 
metric quant i ty and -a 'drop in t'he er^^tgy d H^n, , Whence a 
farther removal from the the ^bsts i-c poinT which; i^' d.6fined 
by the .maximum eff idiehcy. ' '' ' ' '. - . 
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But since tije increases in speed afforded at constant 
height are much" inferior to those of the'- -preceding case, 
satisfactory operation is readily attainable in this in- 
stance, also, either, by utilization -of the elasticity of 
the compressor., which, if properly designed, allows for 
ample changes in quantity while -retaining high efficiency, 
or else hy changing the effective .quantity in respect to 
the basic q.uant ity , as previously outlined. 

Figure 7 represents the effio-iency and the experimental 
power of an axial compressor especially designed to absorb 
a constant horsepower and to furnish a "constant efficiency 
for wide variations in volumetric quantity. The tests agree, 
as shiewn,. with theory. 

As regards- the variatiORS of'T in'flight at constant 
altitude, they are readily secured by combining the previous 
equation with the formula for r given in equation (3): 



c-o 



fto •^0^ _ ' 



Thus r decreases in flight at constant altitude very 
rapidly with the square of the forward speed. This decrease 
at increasing speed maintains the propulsive efficiency near 
its maximum value, by reason of. the fact that at constant 
altitude the increments of the power require strong 6om- 
bustlons, hence large values of 1 +.K and', on the other 
hand, as 1 + K increases the maximum efficiency is,, as a 
matter of fact, removed toward the minimum values of r as 
manifested by the propulsive efficiency curve." On passing 
from one speed to a higher one, the new ciirve has a K 
value- which can obtained from the, relation 

•i + k^- = Zii •■ '. 



on the assumption that -the horsepower required for flight 
rises with the square of the speed, where y and yg are 
the efficiencies involved in the two situations. 

Thus a brief examination of .the behavior of the com- 
pressor in flight at, different altitudes and speeds with 
engine at coxistant power brings to the ' stiudy .of the 
behavior of the unit at variable .altitude and speeds wi th 
engine of decreasing power, -t a case that is inevitably 
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presented: when the altitude is 'liicrfeased beyond a certain 
...limits 

This study is held in abeyance pending its ultimate 
development at a future date in a manner fitting -its im- 
portance and in connect Ipn with new experiments under way. 

For the present it suffices to mention their existence 
and significance for the accurate'predictton of .the behavior 
of the system at high altitude and various ' Speeds. 

Translation by J. Tanier, 
National Advisory Committee 
for Aeronautics. 
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Figure 2.^ Efficiency of diffusor. 
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Figure 6.- Compressor curves. 
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Pigore 7.- Axial compressor. Experimental curves. 
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